Homology modeling of Streptomyces peucetius CYP147F1 was constructed using three cytochrome P450 structures, CYP107L1, CYPVdh, and CYPeryF, as templates. The lowest energy SPCYP147F1 model was then assessed for stereochemical quality and side-chain environment by Accelrys Discovery Studio 3.1 software. Further activesite optimization of the SPCYP147F1 was performed by molecular dynamics to generate the final SPCYP147F1 model. The substrate limonene was then docked into the model. The model-limonene complex was used to validate the active-site architecture, and functionally important residues within the substrate recognition site were identified by subsequent characterization of the secondary structure. The docking of limonene suggested that SPCYP147F1 would have broad specificity with the ligand based on the two different orientations of limonene within the active site facing to the heme. Limonene with C7 facing the heme with distance of 3.4 Å from the Fe was predominant.
Cytochrome P450s (CYPs) are heme-containing monooxygenase enzymes involved in phase I metabolism. They comprise a superfamily of enzymes that are mainly responsible for hydroxylation of a wide variety of hydrophobic compounds [13] . They also participate in a wide variety of reactions in oxidative, peroxidative, and reductive metabolic biotransformation and metabolize endogenous compounds such as therapeutic drugs and xenobiotics [1, 15] .
In CYP research, a long-sought-after practical goal is to capitalize on the specificity of these enzymes in regionand stereo-selective reaction for the production of chemicals that are difficult to prepare by traditional organic synthesis.
However, lack of their structural information hampers a rational engineering of the enzyme to improve the substrate specificity. As an alternative approach, homology modeling has become a promising tool to study CYP functions and engineering because it can provide deeper insight of CYP functions.
Many CYPs have been used in biotransformation of readily available substrates to commercially valuable products. For example, perillyl alcohol is the terminal hydroxylation product of the cheap and readily available terpene, limonene. It has high potential as an antitumor substance, but its availability is quite limited [22] . Only a few microbial enzyme systems including Bacillus stearothermophilus BR388 are described thus far that transforms limonene to perillyl alcohol. However, this enzyme system is not sufficiently regiospecific, resulting in significant quantities of by-products such as carveol, carvone, and terpineol [14] . One of the ways to obtain perillyl alcohol is as intermediate in the conversion of limonene to perillic acid by a Pseudomonas putida strain expressing a cymene monooxygenase [12] . Another way is by increasing regiospecificity through rational design of CYP to selectively hydroxylate limonene at the terminal allylic C7 position. Recently, CYP102A1 from Bacillus megaterium has been engineered to increase the selectivity of hydroxylation of limonene at the allylic C7 position by up to 97% [17] . Search of such enzymes that are able to catalyze terminal hydroxylation of limonene in a selective way has been much prioritized. Among several CYPs in Streptomyces peucetius, CYP147F1 showed relatively higher similarity with linalool 8-monooxygenase from Mycobacterium sp. Linalool is an acyclic monoterpene whose carbon skeleton structure closely resembles the structure of limonene. In this study, we conducted homology modeling and docking studies of S. peucetius CYP147F1 (SPCYP147F1), and these results provide insight of this enzyme being a limonene hydroxylase. 
MATERIALS AND METHODS

Construction of the Homology Model
Homology modeling was used to build the model of SPCYP147F1. The protein is 412 amino acids long and the GenBank accession number is AJ605536. The Discovery Studio v. 3.1 (2011) (DS 3.1) was used for homology model construction (Accelrys, San Diego, USA) [4] . Sequence analysis identified homologs for SPCYP147F1 protein sequences by searching either the NCBI (The National Center for Biotechnology Information) website or PSI-BLAST (Comparison matrix, BLOSUM 62; E-threshold, 10) using the ExPASy (2010) server [20] . Four templates were selected for the model building. Protein databank (PDB) identifications of the templates are the 2BVJ, 3A4G, 3CV9, and 1EGY crystal structure of CYP107L1 [18] , P450eryF [3] , CYP105A1 [8] , and P450Vdh [23] , respectively. The amino acid of the templates and SPCYP147F1 were aligned to examine conserved sequences. The aligned sequences were taken for the model construction and built using "build homology model" within DS. The protein model was generated by MODELLER, which was originally developed by Sali et al. [16] . The coordinates of heme were obtained from 2BVJ and positioned as in the template. The structure was refined by energy minimization for molecular docking using CHARMm [2] in D.S 3.1, which provides powerful mechanics and dynamics protocols for studying the energetic and motion of molecules, from small ligands to multicomponent physiological complexes. Accelrys CHARMm forcefield was used throughout the simulation. The refined model was validated with ProSA 2003 [19] , and Ramachandran Plot [10] . RSMD (Root Mean Square Deviation) analysis of the predicted model from the template was calculated using SUPERPOSE [11] .
Protein-Ligand Interaction Study
The DS package was used to dock limonene to the refined model. The chemical structure of limonene was drawn using a sketch toolbar application, converted to the stereochemically correct configuration, and then optimized by the Dreiding-like forcefield in Discovery Studio 3.1. The optimized ligand molecule was docked into the refined protein model using "LigandFit" in the DS [21] . The LigandFit/ LigandScore is an automated tool for protein-small molecule docking/ scoring that can define the binding site (ligand-based or cavitybased), generate ligand conformations (Monte Carlo trails), dock each conformation (align shapes of ligand to binding site with gridbased energy function), save the top docked structures (diverse poses), and apply scoring function to each docked structure for the best binding mode (binding affinity prediction). The binding site for this molecule was selected based on the ligand-binding pocket of the templates. For the ligand, 50 poses were generated and scored using the DS scoring function that includes Ligscore 1, Ligscore 2, PLP1 (Piecewise Linear Potential), PLP2, Jain, and PMF (Potential of Mean Force). Because limonene can be hydroxylated in more than one carbon to give different products, as shown in Fig. 1 , all the possible poses were evaluated.
RESULTS AND DISCUSSION
Alignment with Template and Sequence Analysis of SPCYP147F1
The sequence conservation and signature motifs of SPCYP147F1 were examined using multiple sequence alignment with templates obtained by scanning the protein sequence of SPCYP147F1 against 3D structures deposited in the protein databank using PSI-BLAST. The percent sequence identity, chain length, and E-value for the homologous CYPs are given in Table 1 . The sequence alignment among all PDB templates shown in Table 1 was done with Align3D, and alignment between the SPCYP147F1 sequence and pre-aligned templates was done with Align 2D (Fig. 2) . The sequence identities between the target and the template structures 2BVJ, 3A4G, 3CV9, and 1EGY were 42%, 37%, 38%, and 35%, respectively, and were reasonable for model building. As stated by Lewis et al. [9] , several signature motifs were conserved in SPCYP147F1. The structural motifs of SPCYP147F1 are as follows (from the N-terminal region of the protein): Pentapeptide in the I-helix (Axxxxx), heptapeptide in the Khelix (VxExxR) and L-helix (xxLARxExxxxxxxL) and the signature motif GxGxHxCxG, which is the characteristic motif for the CYP superfamily and includes a conserved cysteine residue that binds to the Fe of the heme. The conservation of this sequence indicates that the SPCYP147F1 model construction based on these alignments will be reliable.
Homology Models and Validation
Comparative homology modeling methods use structural templates that have the highest sequence homology with the target protein. The SPCYP147F1 sequence and prealigned templates obtained by Align 2D were carefully evaluated and found to match the conserved residues fairly well. The conserved residue is in dark blue (identity, 13.6%; similarity, 27.6%). The 3D model of SPCYP147F1was generated with MODELER module in DS 3.1 (Fig. 3) . The superimposition of the SPCYP147F1 model (blue) over its highest homolog CYP107L1 (2BVJ, Chain A) (pink) resulted in Cα RMSD and backbone RMSD for the model and the template crystal structure to be 2.85 Å and 2.79 Å, respectively (Fig. 4A) . The model was validated using the ProSa 2003 z-score. The required negative scores for all the residues were obtained and further confirmed that the model was reliable (Fig. 4B) . The Ramachandran plot ϕ/ψ distribution of backbone conformation angles for each residue of the refined structure revealed that 90.2% were in the favored region, 7.1% of amino acids were in the allowed region, and 2.7% were in the outlier region. The ProSa 2003 results, superimposition, and Ramachandran Plot revealed that the optimized model is satisfactory and is thus considered reliable for the rest of the study.
Structural Features of SPCYP147F1 Model
Studies have shown that the active-site region of CYPs is conserved across the entire family [7] ; the middle section of the I-helix is also well conserved despite of low overall sequence homology. However, although similarities do exist across the family, there are flexible regions in each CYP that have significantly different amino acid composition such as B'-helix and F-G loop regions. The resultant alignment was subsequently checked to ensure that highly conserved and functionally important residues in the CYP superfamily were correctly aligned with each other including (i) three absolutely conserved residues ExxR in the K-helix (E 286, R289, in SPCYP147F1); (ii) the consensus sequence A(G/A)xET in the middle of the I-helix (AGxET in SPCYP147F1); and (iii) the consensus sequence The deep green color shows the conserved residue in all four template sequences, and helixes and beta-sheets are shown in red boxes.
F(G/S)xGx(H/R)xCxGxx(I/L/F)A (xGxGxHxCxGxxLA in SPCYP147F1)
containing the Cys (C358 in SPCYP147F1) responsible for heme binding.
Docking of Ligand
The 3D structure of SPCYP147F1 showed a large pocket just above the heme molecule that is believed to accommodate limonene or other relatively large substrates. The ligand was docked into the active site using Ligand fit, and residues in active sites were identified (Fig. 5A ). Residues whose side-chain face the substrate-binding pocket are Arg87 (SRS-1 in B-C loop), Ser176, Leu177 (SRS-4 in I-J loop), Ile246, Ala247, Glu250, Thr251 (I-Helix), Val294, Pro298 (SRS-5), Val396, and Leu397 (SRS-6) (Fig. 5B) . Notably, almost all the residues involved in limonene binding are located in the substrate recognition sites (SRSs) [5] . Out of 50 poses that were generated, the most suitable docking modes for limonene with high score from consensus scoring function were finally selected. The binding energy for limonene and CYP147F1 was calculated to be -25 kcal/mol. Since the hydroxylation site for the limonene is known, the distance between the heme and hydroxylation site of limonene was also considered while selecting the lowest energy conformation with a high consensus score. A general chemical in proton delivery and dioxygen activation led to perfenyl intermediate formation in most CYPs [6] . The docking of limonene showed broad specificity of SPCYP147F1 with two different orientations of ligand within the active site facing the heme. Limonene with allylic C7 facing the heme with distance of 3.4 Å from the Fe was predominant (Fig. 5C ), and poses with allylic C8 facing the heme with distance of 4.1 Å were also generated (Fig. 5D ). The obtained result was in agreement with a previously characterized limonene hydroxylase, which was found to produce significant quantities of carveol, carvone, and terpineol as well [14] . The CYP147F1 model has been built in Discovery Studio 3.1 (2011) and validated for stereochemical and amino acid environment quality using appropriate programs. The active-site architecture has been studied by docking studies with limonene substrates. Information obtained from SPCYP147F1 modeled structure including active site architecture as well as the adjacent residues within substrate recognition site will be very valuable for rational design of the protein to make it more region-selective and therefore to convert cheap limonene into the useful pharmaceutical compound perillyl alcohol.
